Introduction
Plantations under various commercial crops and forest species across the globe are already extensive in area and are expanding. The benefits from these have been economic, environmental and social, and there are many opportunities and needs for their further development (Nambiar and Brown, 1997) . The occasional failure of these ventures can be attributed to a variety of factors, one of the foremost in the tropics and subtropics being invasion by alien plants. Invasion by Mikania micrantha (mikania), a perennial climbing vine native to Central and South America, is a good case in point. Mikania is one of the most serious invasive species (one among the world's ten worst weeds) in plantations, agroforestry and agricultural systems, and natural forests in the Asia-Pacific region and in Miami-Dade County in Florida in the USA (Holm et al., 1991; Derksen and Dixon, 2009; Sankaran and Suresh, 2013a) . The various impacts of mikania in plantations and commercial crops in the Asia-Pacific region have been well documented, as is summarized in Table  4 .1. Plantation crops are particularly vulnerable to mikania in the establishment phase because it can thrive in moist fertile soil with high light intensity. It may cease to be a problem in mature plantations of crops such as oil palm and rubber as the plant cannot grow under a closed canopy. However, in most cases, the long-term productivity of the crops is seriously affected by weedimpaired early growth. This chapter looks at the impact of mikania in plantation crops and reviews options for its management.
The potential of mikania to kill immature plants/young trees by overgrowing and smothering them, by competing for light, soil water and nutrients, and by releasing allelopathic substances that inhibit their growth and regeneration, is well known (Teoh et al., 1985; Matthews, 2004) . Mikania also interferes with flowering, natural pollination by insects and the harvesting of crops (Day et al., 2012) . The presence of the weed alters soil chemical characteristics and the soil microbial community, possibly creating a favourable condition for its prolific growth and spread (Li et al., 2006) . Studies in southern China have shown that there is local adaptation at the genome level in mikania and that this may represent a major evolutionary mechanism for successful invasion wherever the species is introduced (Wang et al., 2008) . The weed grows rapidly -up to 9 cm in 24 h -and can produce enormous amounts of seed, which can then be dispersed by wind or by attachment to machinery, animal fur and human clothing or possessions (Waterhouse and Norris 1987; Holm et al., 1991) .
Mikania was introduced as a cover crop into rubber and oil palm plantations in Citrus (orange, lemon, shaddock/pomelo) Yield loss (up to 78% when infestation is severe) China, Yunnan Shen et al., 2013 Cocoa (Theobroma cacao)
Highly competitive in young crops; smothers and retards growth Malaysia, West Teoh et al., 1985 India, Kerala Sankaran et al., 2001 Abraham et al., 2002a Smothers and retards growth; delay in flowering and fruiting; lower yields Papua New Guinea Day et al., 2011 Day et al., , 2012 Day et al., 2012 Malaysia and Indonesia in the 1950s ( Wirjahardja, 1975; Alif, 2001) . Evidence from these countries shows that the species may invade and compete with legume cover crops in young rubber and oil palm, thereby adversely affecting the establishment of plantations. Experimental studies in Kerala in south-west India illustrated the potential for damage to plantation species: they showed that the growth of cocoa, rubber, coconut and teak seedlings, and banana and pineapple suckers, was significantly reduced when plants were grown in competition with even a single mikania plant (Abraham et al., 2002a) .
Impacts of Mikania micrantha in Plantations Plantation crops in Malaysia and Indonesia
Mikania has been listed as one among the most important weeds that invade plantation crops and forest plantations in Malaysia (Alif, 2001) . Teoh et al. (1985) reported that it competes with immature rubber, oil palm and cocoa, and that it poses a threat to tea, coffee and coconut plantations and fruit orchards. In spite of this, there have been few studies on the economic impact of mikania in plantations. Teoh et al. (1985) summarized the results of a questionnairebased survey conducted in 1982, by which date mikania had already been classified as Class C vegetation (undesirable or noxious) in rubber and oil palm. The survey covered almost all of the growers of rubber, oil palm and cocoa in both plantation and smallholder sectors, with a few reporting on coconut and 'other' (mostly orchard) crops as well. The growers reported mikania as especially troublesome in young plantations, with over half the respondents considering it highly competitive in young rubber (55%), oil palm (51%), cocoa (53%), coconut (61%) and other crops (50%); at least three-quarters of them considered it to be competitive (or worse) for all crops. However, it was less of a problem in mature plantations, especially those of rubber and oil palm, at which stage many estates ceased to control it. As mikania control in plantations was undertaken as part of overall weed control, Teoh and co-workers could not be precise about costs but, using two different methods, they estimated that in the early 1980s, 5% of total annual spending on herbicides in the country, and 6% of annual weed control costs in the three plantation crops, were devoted to control mikania. Oil palm and rubber remain Malaysia's most important export crops, with cocoa increasing in significance as world demand expands. It is clear from this study that mikania is therefore not merely a plantation weed, but also a constraint to the exports and economy of Malaysia.
Estimates based on the above survey in rubber and oil palm by Teoh et al. (1985) were supported by research data. Largescale trials in rubber plantations have shown that in plots with mikania, tree girth was reduced by 27% and cumulative yields by 27-29% during the first 32 months of production, compared with trees under leguminous cover (Watson et al., 1964; RRIM, 1965) . Moreover, rubber trees grown with mikania took longer to reach tappable age (Watson et al., 1964; Ti et al., 1971) . Chung (2010) noted that mikania significantly depresses growth and yield, and also hinders agronomic operations in oil palm. He reported significant nutrient immobilization by mikania grown as a cover crop under young (1 year old) oil palm, and cites earlier research by Gray and Hew (1968) which showed that mikania ground cover reduced fresh fruit bunch yield in oil palm by almost 20% compared with Pueraria/ Centrosema leguminous cover; this represented a loss of 23.8 t/ha over the 4.75 years during which data were recorded. Similarly, in West Java, Indonesia, where mikania was one of the four most abundant weeds in a young (≤3 month old) oil palm plantation, controlling it in the first year of planting required six weeding operations immediately under the oil palms and three between the rows. This equated to 36 man-days for weeding rows, or 18 man-days for weeding around each tree on a per hectare basis (assuming 130 plants/ha) ( Tjitrosemito, 2005) . Indeed, Chung (2010) commented that one of the challenges in weed and cover crop management in oil palm plantations is the shortage of labour, especially of skilled labour.
Commercial/semi-commercial enterprises in Papua New Guinea and Fiji
Mikania is a noxious invader in many cropping systems in the Pacific and field surveys have confirmed that it is widespread in Papua New Guinea . It smothers cash crops such as banana and taro, often killing the plants, and overgrows cocoa, young oil palms and coconut palms, retarding their growth and yield. The weed is also known to reduce flowering and pollination and to interfere with the harvesting of coconut (by smothering fallen nuts), oil palm and cocoa , which happen to be three of the four most important export crops of Papua New Guinea (FAOSTAT, 2011). A socio-economic survey among farmers in Papua New Guinea revealed that crop losses attributable to mikania were rated as high as 30% for the worst affected land by 40% of the respondents, though less than 30% of these were commercial or semicommercial producers . Of those respondents, 79% considered mikania to be a serious weed in their cropping systems. The weed has become more invasive in the country over the past decade and is now present in all 15 lowland provinces and all agricultural systems (except for grazing land); it has had severe impacts on production in many crops via a combination of reduced yields and increased weeding costs (Day et al., 2012) . Some 75% of commercial/ semi-commercial enterprises judged that yield was reduced by mikania. Poorly managed plantations of young cocoa and oil palm were often covered with the weed. A field trial in Papua New Guinea's West New Britain Province looked at the impact of mikania in young banana plantations. Those left unweeded (at 1 m tall) were overgrown by 4 months, and were dead at 6 months, having been smothered by the weed. In the same study, unweeded larger banana plants were shown to be enshrouded by the weed within 6 months and failed to produce fruit (Day et al., 2012) .
An implication of this study is that although estates may have the financial resources to cope with mikania, and in many cases are implementing good control strategies, this is at considerable cost because of the scale of the mikania problem. Where weed control in plantations is suboptimal, yield, income and the sustainability of the enterprise are compromised.
Mikania was first reported in Fiji in 1907, and the damage that it causes to root crops (taro and cassava) and in plantations of banana and sugarcane has been noticed for around 50 years (Macanawai et al., 2011) . A questionnaire survey conducted among farmers in Fiji showed that the negative impact of mikania has been recognized by a large majority in the root crop and sugarcane growing areas. The majority of these farmers (over 94%) indicated that they control the weed to prevent crop loss, but some do so to prevent the spread of mikania to other areas. This study showed that there is a substantial cost associated with mikania infestations in crop production, with the annual cost to farmers on average US$25/ha in root crops and US$18/ha in sugarcane (Macanawai et al., 2011) . In a similar survey conducted by Day et al. (2011) among farmers in four islands in Fiji, 60% of respondents considered mikania to be a serious weed, with losses of about 30% of the potential crop yield due to the weed, while 33% had more than 30% of their farms infested. Only 15% of respondents needed to weed fortnightly, with 56% using slashing and/or hand pulling as the main means of control.
Tea in Assam, India
Mikania can be found in tea plantations in Kerala, but the high altitude where tea is grown is not conducive to rapid growth of the weed, and this is also the case in most of the tea-growing regions of Asia. However, the impact of the weed is particularly evident in the tea gardens of Assam in north-eastern India, where it invades from the forests as the rains begin. The visual effect of the fast-growing weed moving relentlessly into the crop and smothering it has been likened to a green tidal wave (Ellison, 2004) . This low-lying north-eastern Indian state, criss-crossed by the Brahmaputra River and its tributaries, was originally covered with tropical rainforest, but is now the world's largest contiguous tea-growing region and produces more than half of India's tea crop. Although mikania has been recognized as a weed in Assam since the 1940s, its importance has escalated in recent decades along with the large-scale degradation of the natural forests and their invasion by mikania. From these strongholds, mikania has been able to invade the tea gardens. Mikania smothers tea plants by growing into and over the canopy, and seriously disrupts plucking by growing among new, harvestable shoots. The increasing weed burden since the emergence of mikania means that control costs have escalated, making some practices economically unviable (Puzari et al., 2010) .
In Assam, the mikania infestation is at its worst in April-September, which includes the major tea plucking periods (Barbora, 2001) . Tea is most susceptible to weed competition in the first 3-4 years after planting (Ellison, 2004; Rajkhowa et al., 2005) , and failure to control weeds in tea plants under 4 years old can seriously affect the long-term productivity of the bushes, because the weeds affect frame formation (Barbora, 2001) . However, mature tea is also directly affected by the weed interfering with harvesting. Growers may be forced into a tradeoff between the cost of control and yield loss. A study assessing the impact of mikania on cultivation and control costs and tea yields (Puzari et al., 2010) found that heavy infestations inflicted losses of 19-42% through a combination of reduced yield and increased weed management (labour) costs. Where weed control is not carried out intensively and regularly, productivity and profitability are drastically reduced.
An indirect threat of mikania weed to tea cultivation was revealed by research conducted in Kerala. As part of initiatives to develop more sustainable control methods, surveys were made for natural insect enemies of mikania, but the pests recorded were polyphagous, and a number of them were pests on some crops (Abraham et al. 2002b) . Notably, in this context, the mirid bug Helopeltis theivora, which was found to be damaging to mikania in Kerala, is a serious pest of tea in Assam and elsewhere (as the tea bug or tea mosquito); it is also a pest on cocoa in tropical Asia (Manabendra and Rudrapal, 2011) . This brings new dimensions to the problem, for by acting as an alternate host during the non-cropping season, mikania has the potential to act as a reservoir for the populations of this insect pest. In short, in areas infested by the tea mosquito, both the weed and the insect pests may be poised to move into tea at the start of the growing season. Thus, the dual role of mikania as a reservoir for the tea bug and as a weed could indirectly lead to an increase in the use of insecticide as well as herbicide in tea.
Timber in Kerala, India
A survey to assess the occurrence, spread and severity of mikania infestation in natural forests, forest plantations and agricultural systems of Kerala's Western Ghats showed that the weed has become widespread in the 35 years since it was first reported in the state (Nair, 1968) . Among forest plantations, 78% of teak, 38% of eucalypt and 88% of other miscellaneous species were affected, including Acacia auriculiformis and Falcataria molucanna (Sankaran and Pandalai, 2004) .
Teak (Tectona grandis) is one of the most valuable timbers in the world and the principal timber tree of peninsular India (CABI, 2005) . It comprises over half the plantation area in Kerala (75,258 ha; KFD, 2013) . Its seedlings are sensitive to weed competition during the initial 2-3 years of establishment (Tewari, 1992) . Young teak is severely affected by mikania more than any other timber species, probably because of the favourable conditions provided by the lighter canopy . Mikania infestation at this stage affects the growth and productivity of young trees and even smothers them (Muraleedharan and Anitha, 2000) .
An assessment of the impact of mikania on teak plantations in Kerala showed that the weed adversely affects the costs of planting and maintenance of plantations, and income from them, with a per hectare overall difference of Rs. 6274 (c.US$100 based on current conversion rates) between infested and uninfested plots for the first 8 years after planting (Muraleedharan and Anitha, 2000) . Lack of adequate funds and labour shortage frustrate periodic weeding in young plantations, which results in poor growth or death of trees Anitha, 2000, Sankaran et al., 2001) . In summary, current cultural practices and thin canopies favour mikania invasion in teak plantations in Kerala, and where the weed is not managed intensively and regularly, productivity and profitability are significantly reduced (Muraleedharan and Anitha, 2000) .
Control of Mikania micrantha
In most plantation situations, especially young plantations, mikania will form part of a weed flora, and control strategies will vary with weed composition (Barbora, 2001; Tjitrosemito, 2005) . Controlling weeds is essential to maintaining crop growth and yield, and represents a substantial proportion of labour and production costs in many plantation systems, especially during the establishment phase (Mangoensoekarjo, 1978; Teoh et al., 1985; Barbora, 2001; Tjitrosemito, 2005) . Options for controlling mikania in plantations include manual/ mechanical measures and the application of herbicides but, as this section will indicate, there are often significant constraints to implementing these methods.
Physical control
Sickle weeding, uprooting and digging are the main physical control measures for mikania in practice. Hoeing, shovelling, tilling and mowing are also used infrequently. However, all these methods need to be practised before the weed flowers and produces seeds. Sickle weeding/slashing at the base will give temporary control, but quick regrowth may occur from cut stems and the underground stolon. Furthermore, the slashed/uprooted biomass must be collected carefully and dried/burnt to avoid regrowth from leftover stem fragments. Physical removal of mikania after seed set will enhance spread compared with natural means of spreading. Uprooting during the initial stages of growth is the most effective physical control method. None the less, this has its limitations because of the enormous amounts of easily dispersed, viable seeds, which can be carried by wind and can reinvade the weed-cleared areas. Kuo et al. (2002) reported that in Taiwan, cutting mikania near the ground once a month for 3 (consecutive) months during the summer and autumn eliminated 90% of the vines, though this method was less effective in the winter and spring. In Fiji, a small group of farmers opted for weeding at fortnightly intervals, whereas others used slashing and/ or hand pulling as the main means to control mikania . According to Alif (2001) , manual control of mikania in newly infested areas by rolling, drying and burning was unsustainable in Malaysia. In tea in north-eastern India, Puzari et al. (2010) described how mikania's aggressive creeping and twining habit through and over the plucking surface of tea bushes makes manual weeding time-consuming and causes damage to the fragile new tea shoots.
Hoeing is used in tea in Assam to remove mikania, especially in nurseries and young plantations (Rajkhowa et al., 2005; Puzari et al., 2010) , but this can result in damage to the roots of young tea, which lie close to the surface, as well as causing increased weed growth from the soil seed bank. All of the physical methods of control discussed above are generally labour intensive, costly, time-consuming, unsustainable and inefficient in bringing about effective long-term control. Some of these methods can also disturb the soil, resulting in erosion, especially on steep slopes (Cock et al., 2000) . Soil erosion caused by clean weeding in tea estates in the high rainfall areas of north Sumatra, Indonesia, led to herbicide options being explored (Sutedjo and Lubis, 1971) . In less fragile environments, and where crop spacing allows (e.g. timber plantations in India), mechanical control can be used, but it is not economically feasible because weeding needs to be done several times a year, and herbicide use may prove cheaper (see Box 4.1 below).
Mikania has been used as herbage for goats and sheep in Java, but it is less valuable as a fodder crop than pasture species (Waterhouse and Norris, 1987) . Sheep grazing has been reported to be commonly used in Malaysia to remove weeds from leguminous cover crops in rubber plantations (Chee et al., 1992) . The use of mikania as a fodder during the summer season has also been reported from Kerala , although a case of suspected poisoning of cattle after grazing mikania was recorded from northern Sumatra in 1984 (Murdiati and Stoltz, 1987) . So the fodder value of the weed still needs to be properly ascertained.
Chemical control
In Indonesia, short-term to seasonal control of mikania in plantations has been achieved with a variety of herbicide combinations and spraying schedules (Mangoensoekarjo, 1978; Hutauruk et al., 1982; Teng and Teh, 1990) . The use of herbicide mixtures will allow reduction in costs and improve efficacy. Seeds of mikania do not undergo dormancy so are amenable to pre-emergence herbicides such as diuron. The weed was reported to have brought under control in sugarcane in 4 years using diuron + 2,4-D, followed by paraquat (Widyatmoko and Ryanto, 1986) . Foliar herbicides, such as 2,4-D (sodium/ dimethylamine salts), glyphosate, paraquat, diuron, oxyflurofen, dalapon and triclopyr, are widely used in plantations. Successful foliar treatment requires precise timing, i.e. the weed needs to be actively growing, but treatment needs to be done before it has an impact on crop growth/yield and in synchrony with fertilizer application; above all, the mikania needs to be controlled before it flowers and sets seed (Barbora, 2001) .
Herbicide use also requires wellmaintained, appropriate spray equipment (Chung et al., 2000) and appropriate product choice for stage of the crop, weed composition and season (Barbora, 2001; Rajkhowa et al., 2005) . Additives may allow doses to be reduced; for instance, in forest plantations in Kerala the efficacy of glyphosate and diuron was increased by adding ammonium sulphate and urea, respectively (Sankaran and Pandalai, 2004) . Most importantly, label instructions must be followed to achieve maximum efficacy and cost-effectiveness, and to minimize non-target effects, such as those reported for 2,4-D applied against mikania in rubber and oil palm in Malaysia (Teoh et al., 1985) . In northern Sumatra, glyphosate was recommended in place of 2,4-D for the control of mikania in immature oil palm because it was less toxic ( Mangoensoekarjo, 1979) . Based on intensive herbicidal trials in mikania-infested farmland under various crops in Yunnan, China, Shen et al. (2013) recommended that it is much safer to use atrazine in sugarcane and rubber, glyphosate in non-farming land and rubber, and 2,4-D in maize. Sankaran and Pandalai (2004) developed a herbicide-based strategy for forest plantations in Kerala that was cheaper and more effective than mechanical interventions (see the case study in Box 4.1). This work did highlight an important issue: how the non-availability of herbicide products may hinder control. For example, one of the effective treatments used by these authors for mikania in teak and eucalypt plantations -a mixture of triclopyr and picloram (Grazon DS) -was not available commercially in India during the time of the study.
Following the above recommendations, Brooks and Setter (2014) conducted herbicidal trials on mikania in Queensland, Australia, and suggested that triclopyr-based herbicides, and several rates of fluroxypyr, are cost-effective in controlling the weed. Other studies by Seller et al. (2014) , in Box 4.1. Chemical control of Mikania micrantha -a case study from Kerala, India.
In 2000-2002, the herbicidal control of mikania was attempted in plantations of teak (5-7 years old) and eucalypt (7 years old), and in natural reed (Ochlandra spp.) areas, all of which were heavily infested by mikania. Trials were carried out with six herbicide treatments, viz., glyphosate, triclopyr, triclopyr + picloram, 2,4-D, diuron and paraquat. The results indicated that triclopyr + picloram (1.75 l/ ha), triclopyr (0.5 l/ha), glyphosate (2.5-5 l/ha) and diuron (1-1.5 kg/ha) were highly effective in controlling mikania in all three situations, with control apparent after 1 month, and weed biomass reduced by 95% after 3 months (see Fig 4.1 for results in the teak plantation) . No significant regrowth was observed in treated plots, even after a period of 8 months.
The total cost of applying one of these herbicides in areas of low to high mikania infestation was in the range Rs. 1150-2000/ha (US$20-33 at the current Rs./US$ conversion rates) This is much less than the annual cost of mechanical weeding in plantations infested by the weed, as this has to be carried out at least three or four times a year to attain satisfactory control, and has an associated cost of Rs. 5200-6000/year (US$85-100), depending on the severity of infestation.
The effects of paraquat and 2,4-D were short-lived and they were therefore unsuitable for mikania control. Moreover, as 2,4-D is toxic to animal life and has a relatively long and persistent residual action, it has been suggested that its use needs to be avoided in all ecosystems (Sankaran and Pandalai, 2004) .
Although a single application of one of the effective herbicide treatments (triclopyr + picloram, triclopyr, glyphosate) could keep the weed under control in a given area for more than 8 months (see Fig. 4 .1), regrowth was observed from windborne seeds at the beginning of the monsoon each year. Thus, it would be necessary to repeat the applications for several years depending on the severity of reinfestation (Sankaran and Pandalai, 2004) . 
Markets and pesticide regulation
The specific crop and market may limit chemical control options, and tea provides a good example of this. Tea is a beverage crop that is plucked regularly and there are thus additional considerations in selecting herbicides and timing applications (Puzari et al., 2010) . A substantial proportion of the herbicides used in India are applied in tea (Rajkhowa et al., 2005) , with paraquat, 2,4-D and glyphosate the most commonly used (Barooah, 2011) .The high surface-tomass ratio of tea shoots, coupled with the frequency of both herbicide treatment and tea plucking, make it difficult to keep residues below the accepted levels in harvested tea (Barooah, 2011) . Cock et al. (2000) argue that herbicide use in tea plantations in Assam is uneconomic and sometimes has adverse impacts in young tea and on new flushes of leaves, aside from problems in terms of residues affecting the marketability of the crop. Also, mikania has been implicated anecdotally as a threat to tea exports in India because of the massive increase in spraying against the weed. According to Gurusubramanian et al. (2008) , stringent regulations on allowable residue levels in tea for export cannot be met given existing pest management practices. In 2005, the Indian authorities reviewed the use of all pesticides in tea and recommended inter alia fewer than ten herbicides for use in the crop; they issued the Tea (Distribution and Export) Control Order 2005 to help protect India's place in the world market (Gurusubramanian et al., 2008; Barooah, 2011) . More complications came with the introduction of a 'positive list' by Japan in 2006, which effectively meant that 2,4-D could not be used in tea destined for that market (Barooah, 2011) . As manual control is particularly problematic in tea, there is a real need for a control option that is both effective and safe.
The addition of adjuvants -ammonium sulphate (with glyphosate) and urea (with diuron) -improved the efficacy of the herbicides. What is more, in further trials, it was shown that the combination of either glyphosate or diuron with paraquat gave better control than individual applications. It was recommended that herbicide application should be carried out before mikania flowered or set seed (August-October in Kerala). Also, applications should be made on dry days because rainfall within 48 h of spraying will reduce the efficacy of the treatment.
These recommendations were made as a short-term solution for mikania control until alternative cost-effective and eco-friendly methods were developed.
Additionally, Table 4 .2 compares the cost and efficacy of the herbicidal control of mikania with that of using either knife weeding or biological control. No cost to farmer a Based on current conversion rates of the Indian rupee.
Chemical versus nonchemical control: efficacy and labour costs
Traditionally, labour costs in plantations are high, with the majority being devoted to weed control as uncontrolled weeds reduce both the quantity and quality of yields, and shorten the production period of the crop (Soedarsan et al., 1977) . Mikania is a heavy burden, and where infestations are more established and denser, herbicide use is popular as it is perceived to be more effective and cheaper than manual control. Teoh et al. (1985) reported that wage costs and labour shortages led managers of (mostly oil palm rubber and cocoa) plantation estates in Malaysia to prefer chemical control. Sukasman (1979) argued that using glyphosate to control a weed flora including mikania in a 1-year-old tea plantation in Indonesia was economic because it gave longer weed suppression and required less labour and equipment than alternative methods. These views are borne out by recent experiences of the tea industry in Assam and studies in forest plantations in Kerala (see above). Chemical and non-chemical weed control methods (slashing or livestock grazing) were compared for efficacy in rubber plantations in Malaysia. In a 2-year-old plantation, there was 90% regrowth in plots that had been mechanically slashed or grazed by sheep, but only 10% regrowth in those treated with herbicide (glyphosate + picloram) (Ahmad-Faiz, 1992) . However, the use of sheep to graze mikania and other weeds gave an estimated 15-25% saving in overall weed control costs (Arope et al., 1985) . Another study, which explored the potential for integrating sheep, poultry rearing and beekeeping into smallholder rubber plantations in Malaysia, described how sheep controlled weeds with cost savings of 21% over customary practices, while the internal rate of return from sheep rearing was as high as 44% (Tajuddin, 1986) . Day et al. (2011) commented that chemical control is more effective than manual weeding/slashing against mikania and reduces the frequency of weeding interventions. In Papua New Guinea, 30% of commercial/semi-commercial enterprises used herbicides alone or in combination with other (manual) means, and the commercial (plantation) enterprises were most likely to use herbicides; 32% of these estates needed to weed fortnightly, and 39% hired extra labour for weeding. In contrast, smaller scale operations that did not use herbicides found that weeding could occupy 1-2 days a fortnight or more.
Intensive weeding is needed to reduce the impact of mikania on productivity in tea in north-eastern India, and necessitates employing 55-65 unskilled labourers/ha (Puzari et al., 2010) , which may not be economically viable compared with the cost for herbicide applications. Herbicides were introduced by the industry some three decades ago, not only because they were cheaper than manual weeding, but also because labour was scarce during the peak growing/harvesting season (Barbora, 2001) . Herbicide applications require only one fifth of the labour needed for manual/mechanical control, so chemical control is seen as more efficient and cost-effective, and is a popular choice (Rajkhowa et al., 2005) . Financial and labour constraints mean that manual control remains difficult to implement effectively, especially as the greatest need for labour for weeding coincides both with the peak tea plucking period and the main season for growing paddy; as a result, tea estates tend to have only about half the ideal labour force (Puzari et al., 2010) . Thus, it is not only the costs of chemical versus manual control that are at issue, but the availability of labour as well, especially if there is better paid (and perhaps more congenial) work available.
The problem of affording/finding labour is particularly acute in young plantations, where the burden of controlling mikaniaand weeds in general -means that a combination of chemical and manual control is often used and weed control costs are high. Teoh et al. (1985) reported that even though chemical control was the most common measure for mikania control across oil palm, rubber and cocoa plantations at all stages of development in Malaysia, manual weeding was frequently used during plantation establishment, with or without chemical control. Muraleedharan and Anitha (2000) reported that in forest plantations in Kerala that relied on manual labour for mikania control during establishment, the lack of availability of labour and financial constraints could make weeding operations suboptimal.
A combination of weed control measures is often advised; for example, Rajkhowa et al. (2005) outlined the potential for integrated weed management in tea in Assam, especially in young tea. In a review of weed and cover crop management in oil palm, Chung (2010) endorsed an integrated approach to weed management, suggesting that cover crop management is important in the prevention and exclusion of weeds, while weed control aims at a general reduction in the weed flora and, if possible, the eradication of noxious weeds from the cropping areas.
The drive to reduce herbicide use, fuelled by evidence of their detrimental health and environmental impacts and changing public attitudes, has led to a demand for sustainable alternatives to herbicides. However, as we have seen, nonchemical practices tend to be labour intensive and, therefore, expensive, as well as less effective than herbicides.
Biological control may offer a means of controlling mikania sustainably and without adverse effects. Barbora (2001) argues that because the overall impact of weeds on tea yield is high, chemical control has become necessary, but in consideration of the resulting environmental pollution and herbicide residues in soil and tea, other methods such as biological control need be developed. He suggests augmentative biocontrol, as it is specific and can be discontinued if necessary; this would ideally be a bioherbicide that could be used in conjunction with chemical herbicides. An alternative that has been developed in recent years is classical biological control, as introduced in the next section and covered in depth in Chapter 10, this volume.
Biological control

Arthropods and pathogens
Plantations were the sites of some of the first attempts at biological control of mikania, but when the introduced insect agent failed to establish, interest waned (Cock et al., 2000) .
As part of this first initiative, Teoh et al. (1985) recorded over 75 arthropod species in association with mikania during a short duration survey in Malaysia. Although these included a number of potentially useful natural enemies, most were either polyphagous or pests of economically important crops, and hence not appropriate for augmentative or classical biocontrol. In Kerala, Abraham et al. (2002b) identified 19 insect and one mite species associated with mikania, though all proved to be generalist feeders (some on crops) and so unsuitable as biological control agents. In addition, Abraham et al. (2002c) identified four pathogens infecting the weed, but again, none of these was host specific.
A concerted effort at developing a new biological control strategy was initiated when Indian scientists raised the need for a sustainable control measure for mikania in the Western Ghats of Kerala and the tea gardens in Assam. The resulting project looked at pathogens infecting mikania both in India and over the native range of the plant in the New World (Barreto and Evans, 1995) . Even though nine pathogens were identified as causing various diseases on mikania in India, none was found to have the potential for use in biocontrol ). However, a rust pathogen, viz. Puccinia spegazzinii, commonly found infecting the plant throughout its native range, was selected and assessed as a classical biological control agent (Ellison et al., 2008) . This rust was found to be specific to the genus Mikania, and is able to infect only a few species in the genus. It is highly damaging (with leaf, petiole and stem infections leading to cankering and death) and has a broad environmental tolerance. The pathogen was imported to India in August 2004, and after completing the required host-specificity tests, it was released in Assam and Kerala in [2005] [2006] . The release sites in Kerala included an agricultural system with mixed cropping of coconut and areca nut, and natural moist deciduous forests heavily invaded by mikania. The releases were successful in the sense that the rust had spread to the native population of mikania at all sites within a week of release, although it did not persist on the field population of mikania beyond a period of 3-4 months -especially when the environmental conditions at the release sites became unsuitable (high temperature and low humidity) for disease spread. Low inoculum load and inappropriate time of release are considered to be the main reasons for failure in survival of the rust in the field (Sankaran and Suresh, 2013b ; see Chapter 10, this volume for further details).
Parasitic plants
The parasitism of Cuscuta campestris on mikania was first demonstrated at Shenzhen Xianhu Botanic Garden in China in 2003. It led to a decrease in various growth parameters of mikania by the end of the first month, and after 2 months it had adversely affected a range of parameters that contribute to the invasiveness of the weed, including its photosynthetic rate. The parasitic plant spread rapidly, extending over an area of 20 m 2 and up to 5 m from the initial point of infestation within 2 months (Deng et al., 2003) . Later studies by Shen et al. (2011) demonstrated the immense potential of C. campestris as a biological control agent against mikania in China, though its effect in controlling the weed infestation also depends on the intensity of its parasitism. Chiu and Shen (2004) observed two Cuscuta species (tentatively identified as C. campestris and C. reflexa) parasitizing and killing mikania and another weed, Asystasia intrusa, in oil palm estates in Sumatra and West Kalimantan in Indonesia. C. campestris is the most widespread species in this genus, but it is a generalist parasite with a wide host range and inflicts substantial losses on crops (Mishra, 2009) ; C. reflexa too is known to parasitize a number of economically important plants (Baruah et al., 2003) . Chiu et al. (2002) found that another parasitic plant, Cassytha filiformis, parasitizes mikania and reduce infestations significantly, but this is also parasitic on certain ornamental plants. An argument put forward to support the use of parasitic plants against mikania is that once they have controlled the weed, they are themselves far easier to control with herbicides than mikania (Zhang et al., 2004) . Despite this being so, there is no question but that the use as a biological control agent of an insect or a pathogen with such a wide host range as these parasitic plants would be rejected out of hand, with the reasoning that it is 'a lesser evil' dismissed. There is no logic for being more compromising because the putative biocontrol agent is a plant.
Grazing
A different type of biological control involves grazing weeds using sheep. This method was successful in rubber plantations in Malaysia (see above). In one study, sheep preferentially grazed mikania and other weeds such as Asystasia coromandeliana, Ottochloa nodosa, Brachiaria mutica and Paspalum spp., leaving the leguminous cover crop intact. The spread of the legumes controlled any further spread of the weeds (Arope et al., 1985) . Nevertheless, not all weeds are palatable to the sheep, and this is a major impediment to this method (Stöber, 1993) . In addition, grazing cannot be used as an option in all situations.
Conclusions
Mikania micrantha has serious impacts on the productivity and profitability of plantations across the Asia-Pacific region, which the current management efforts are either unable to contain or, if they work, can only do so at a cost that is unsustainable. Economic assessments have proved that mikania invasion in plantations causes cost escalation or income reduction, or both. Managers frequently fail to decide how to make the trade-off.
The export of plantation crops is crucial for earning foreign exchange in many a country in the Asia-Pacific region, and mikania invasion and the ensuing low crop productivity can affect a country's economy.
Further, excessive herbicide residues affect the marketability of the crops and products, especially their export, and the impact of herbicides on the environment and on human and animal health cannot be overemphasized.
At least as importantly, weed invasion frustrates the sustainability of cropping and impinges heavily on the livelihood of farmers and plantation owners. Regular monitoring of sites, with early detection and control of mikania before it can spread far and wide is the most appropriate strategy to avoid damage. However, wherever an invasion is unmanageable, a judicious mix of methods, such as physical (uprooting before seed setting and burning), cultural (e.g. legume cover cropping or grazing wherever possible) and chemical (application on to cut stems after slashing) needs be employed to alleviate the problem in the short term. In this case, caution is warranted to avoid soil disturbance, ensure the non-toxicity of fodder and use lower dosages of comparatively safer herbicides. This strategy may be followed until biological control methods are attempted (Ellison et al., 2014) and established in the field.
To synchronize with this, of late, plantation managers have started to attach priority to weed control in their plantation prescriptions, and this is well assisted by the improved methods developed through many years of research.
